For years X-ray computerized tomography has been widely used as a medical diagnostical tool.
Introduction
The development of CT finds its origin in 1895, when Wilhelm Conrad Röntgen discovered Xrays. Röntgen demonstrated that X-rays were produced when cathode rays interacted with materials. B ecause their na ture was unknown at that time, he gave them the name 'X-rays' (Nobel Lectures, 1967) . After this discovery, radiology evolved into a medical sub-specialty in first decade of the 1900s. In the 1950s the X-ray image intensifier was developed and allowed the recording and display of the X-ray movie using a TV camera and monitor. The mathematical principle of computed tomography (CT) was developed in the early 20 th century by Radon. CT found its first commercial application in the late 1960s and early 1970s whe n Cormack and
Hounsfield, who received the Nobel P rice for Medicine in 1979, built the first computed tomography (CT) scanner also known as Computed Axial Tomography (CAT) scanner (Losano et al., 1999) . These early developments mainly focussed on medical diagnostic imaging, but by the end of the 1970s special efforts were made towards the application of computed tomography in the industrial environment. The CT technique rapidly evolved when analog to digital converters and computers were adapted to conventional fluoroscopic image i ntensifier/TV systems in the 1970s.
Although in the beginning X-ray CT was mainly used in medicine to image bone structures, it became soon clear that X-ray CT had a large potential for other applications. It was thus introduced in different fields of investigation like paleontology, sedimentology, petrology, soil science and fluid-flow research.
In 1974, CT was for the first time applied in paleontological research (Fourie, 1974) and the consequent technical improvement largely contributed to its successful use in paleontology (Conroy & Vannier, 1984; Haubitz et al., 1988) . Soil research made use of CT (Petrovic et al., 1982; Hainsworth & Aylmore, 1983; Warner et al., 1989; Anderson et al., 1990; Pierret et al., 2002) and its no n-destructive character was exploited to examine precious pieces of material like meteorites (Arnold et al., 1982) . Petroleum engineers utilized CT for fluid-flow experiments (Wellington & Vinegar, 1987 , Géraud et al., 2003 and sedimentologists for the analysis of sedimentary structures (Kenter, 1989; Peyton et al., 1992; Zeng et al., 1996) . Carlson and Denison (1992) applied CT to reveal the location of garnet porphyroblasts in various rocktypes.
In the 1990s CT largely contributed to the study of fractures, rock porosity in natural building stones and material density (Keller, 1997; Jacobs et al., 1995; Jacobs et al., 1997; Klobes et al., 1997; Philips & Lannutti, 1997) . Applications of micro-tomography in rock analysis and related research fields started in the middle of the 1990s (Rosenberg et al., 1999) . Micro-CT was also used to visualise pore structures in 3D (Carlson et al., 1999; Landis et al., 2000) and to create 3D
petrography (Van Geet et al., 2001) . Rock and soil samples in biological quarantine were scanned with micro-CT to imagine the heterogeneity in the matrix, to determine the grain size and the sample porosity (Allen et al., 2002) , while 3D micro-CT images of snow and ice with a spatial resolution of 10 µm were obtained in 2001 (Coléou & Barnola, 2001) . In all these studies micro-CT proved to be a promising technique in very diverse domains of geological and material research. The quality of the images and the amount of detail is much higher than 10 years ago and at the moment nano-CT, or better sub -micro-CT, is slowly finding its way in the research field of geomaterials.
Technique

Basic principle X-ray transmission CT
All transmission CT-devices are based on the same principle: the object is positioned in between an X-ray source and an X-ray detector. CT requires a rotational motion of the sample relative to the source-detector system. For NDT most often the object is placed on a rotation platform. Modern X-ray detector systems are usually 2D-pixel arrays like CCD cameras, flat pane l detectors or image intensifiers. They convert X-rays into digital radiographs that are stored on a hard disk. Hundreds of radiographs are acquired for one CT scan from different rotation angles between 0° and 360°. After the data collection, a computer algorithm (called FDK) (Feldkamp et al., 1984) is used to calculate the slices or cross-sections through the object.
The X-ray beam geometry is conical and by moving the object between the source and the detector one can choose an appropriate magnification of the object in the radiography: the closer to the source, the higher the magnification and thus the higher the spatial resolution.
The spatial resolution of the images depends not only on the magnification M (ratio of the distance between source and detector over the distance between source and sample), but also on the focal spot size of the X-ray tube, the pixel size of the detector and on physical phenomena like X-ray scattering and interaction between the detector pixels. In the ideal case the resolution is determined by the pixel size of the detector divided by the magnification of the system, the best achievable spatial resolution equaling to the X-ray source spot size (in case of detector pixels smaller than the X-ray spot, the best resolution is equal to the pixel size of the detector).
Medical CT
Medical scanners use a rotating detector-source system that revolves around the patient. The detector is a curved linear array of up to 1000 pixels, while the newest scanners have up to 32 of these arrays next to each other. A helical scan path allows physicians to make full body CTscans, with a typical spatial resolution of around 500 µm (up to 250 µm). The contrast and signal-to-noise-ratio of the CT slices is usually high due to the large and sensitive detector elements. The objects are positioned in the middle between source and detector and therefore the magnification factor of the object is 2.
Micro-CT
Medical scanners are not suited to study objects with high resolution due to the ir large X-ray spot. A smaller focal spot can only be realized if the electron curre nt in the X-ray tube is reduced. The typical current of a micro-focus tube is 300 µA, which is about a 1000 times less than in the medical scanner. The lower X-ray flux results in longer scan times. As micro-CT is never applied to humans, it is in most cases the object that is rotated in the X-ray beam. Two types of micro-focus tubes are available: the directional sealed tube and the directional open type tube. The last type allows one to replace filament and target but is more expensive then the sealed tubes.
Nano-CT
Recently X-ray tubes with a spot size below 1 µm have been manufactured. They are called Even better resolutions can be obtained at synchrotron radiation facilities using zone plates.
These X-ray lenses focus the X-ray beam and make it possible to reach a spatial resolution down to 50 nm. The current technology does not provide rotation motors with this accuracy and therefore post alignment of the projection images is essential (Schroer, 2002) .
Other CT techniques
Other interesting CT techniques, like dual energy CT, element sensitive CT, micro-XRF, are available at most synchrotron radiation facilities. These techniques make it possible to locate specific atomic elements within geological samples. More information can be found in the literature (Materna et al., 1999; Rau et al., 2001) .
Applications
Medical scanners are frequently applied to visualize the internal structure of rock material. A well-known study subject in CT scanning, the determination of the opening of natural or induced fractures ( fig. 1 ), was performed by the medical scanner (Ronse, Belgium), with about 250 µm accuracy of the slice prescription from the scanogram.
Fig. 1: 2D cross-sections of a fractured quartzitic sandstone (images derived after medical scan).
Since the X-ray attenuation is primarily a function of X-ray energy and the density and atomic number of the material being imaged, there is a possibility to obtain chemical information about the examined object. Although CT values should map linearly to the effective attenuation coefficient of the material in each voxel, the absolute correspondence is arbitrary. Medical systems generally use the Hounsfield Unit (HU), in which air is given a CT number of -1000 and water is given a value of 0, causing most soft tissues to have values ranging from -100 to 100 and bone to range from 600 to over 2000 (Zatz, 1981) . For monochromatic radiation of known intensity I0 across a homogeneous substance, the intensity I after attenuation in the substance is in relation with the Hounsfield units:
0 log with µ , the attenuation value per unit mass (cm²/g), ?, the gravimetric density (g/cm³), ß, the constant of the apparatus, x the length of the material along X-ray path and H, the Hounsfield radiological density. The Hounsfield scale c an be calibrated with standard materials and is implanted in the reconstruction software Cone-rec by Skyscan. In this software air, which should be white, is set at -1000 and a scanned standard material of choice should be given in combination with its ave rage Hounsfield unit. The radiological density, expressed in the Hounsfield units, depends on both mineralogical nature of the rock components (µ: attenuation coefficient in Lambert-Beer's law) and the gravimetric density (?). When trying to obtain a relation between porosity and radiological density, the mineralogical nature of the rock components soon turns out to create some difficulties, but i f one is dealing with a mono-mineralogical stone, theoretically it is possible to make a link between porosity and radiological density.
Besides visualization of fractures and porosity determination, layers contrasting due to their density or composition, can be detected. Figure 3 illustrates a sandstone sample containing la yers of concentrated goethite mixed inside a quartz grained matrix, while figure 4 demonstrates the layering inside the sandstone sample by reconstructed 2D cross-sections derived from the radiographs obtained with the medical CT. For the visualization of pores inside rock material, the minimum resolution is crucial. Micro-CT with a resolution of 10µm x 10µm x 10µm turns out to be more useful to distinguish pores from material ( fig. 5 ) than medical CT. Besides a clear distinction between pores and material, some bright white spots occur in the reconstructed images. The identification of these bright spots, caused by a higher X-ray attenuation than the quartz grains, remains difficult. There is a theoretical l ink between average normalized grey value of minerals and average attenuation at the average energy of 30 keV, which approximates the average energy when scanning at 130
keV-76µA and Al-filter of 0.8 mm. Although this relation can help to exclude some possible occurring minerals, it remains difficult to apply due to different artifacts occurring when using CT (star-artifacts, beam-hardening, ringartifacts) and due to the partial vo lume effect. With no prior knowledge about the constructive minerals this method is not powerful, since not only the atomic number is responsible for the attenuation, but also the density. To identify these spots, SEM in combination with BSE images and EDS analysis was used. The bright spots turned out to be often rutile (TiO 2 ) and sometimes zircon (ZrSiO 4 ), which are both very resistant to chemical weathering and mechanical abrasion. As CT, micro-CT or nano -CT are non-destructive, scans allow comparison of images and data of objects before and after a certain treatment. This enables to evaluate changes inside rock material before and after artificial weathering (De Graef et al., 2004) . Porosity changes due to pressure, temperature, humidity, etc. can be detected with micro-CT as well as the localization of restoration or conservation products inside weathered or treated samples (Cnudde et al., 2004) .
Conclusion
In the paper a short overview of the current laboratory based X-ray CT techniques is given.
Medical scanners allow a fast investigation of large geological samples at low spatial resolution.
Micro-CT, a relatively new technique, makes it possible to scan small objects with a spatial resolution down to 10 µm. Since very recent nano focus X-ray tubes have opened the path to Xray CT investigation with a spatial resolution down to 200 nm. Typical sample sizes for nano -CT are 1 mm and less.
The ideal CT scanner for geological applications does not exist. Dedicated CT-facilities try to combine the different techniques to offer support for a wide range of applications.
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